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During differentiation, many cells reorganize their 
microtubule cytoskeleton into noncentrosomal 
arrays. Although these microtubules are likely or- 
ganized to meet the physiological roles of their tissues, 
their functions in most cell types remain unexplored. In 
the epidermis, differentiation induces the reorganization 
of microtubules to cell-cell junctions in a desmosome- 
dependent manner. Here, we recapitulate the reorgani- 
zation of microtubules in cultured epidermal cells. Using 
this reorganization assay, we show that cortical micro- 
tubules recruit myosin II to the cell cortex in order to engage 



adherens junctions, resulting in an increase in mechani- 
cal integrity of the cell sheets. Cortical microtubules and 
engaged adherens junctions, in turn, increase tight junc- 
tion function. In vivo, disruption of microtubules or loss of 
myosin IIA and B resulted in loss of tight junction-mediated 
barrier activity. We propose that noncentrosomal micro- 
tubules act through myosin II recruitment to potentiate cell 
adhesion in the differentiating epidermis, thus forming a 
robust mechanical and chemical barrier against the ex- 
ternal environment. 



Introduction 

Although centrosomal microtubule arrays have been well char- 
acterized in cultured cells, differentiated cells in situ adopt di- 
verse noncentrosomal arrays of microtubules that are likely 
matched to the tissue' s physiology. For example, cortical micro- 
tubules in plants direct the synthesis of cell wall components 
through association with cellulose synthase, while apical-basal 
arrays of microtubules in simple epithelia play roles in polarity 
and directed trafficking of cellular components (Miisch, 2004; 
Paradez et al., 2006). In other cell types the function of noncen- 
trosomal microtubule arrays has not been studied in detail — in 
fact, the organization of microtubule arrays in many differenti- 
ated cells has not been adequately described. 

In the epidermis, microtubules undergo a stereotypical re- 
organization upon terminal differentiation, accumulating at the 
cell cortex (Lechler and Fuchs, 2007). This reorganization re- 
quires desmosomes, cell adhesion structures that are especially 
prominent in differentiated epidermis. Desmosomal compo- 
nents recruit a subset of centrosomal proteins, including ninein, 
Lisl, and Ndel/Ndell, to the cortex (Lechler and Fuchs, 2007; 



Sumigray et al., 2011). These proteins are implicated in micro- 
tubule organization in a number of cell types, and ninein and 
Ndell are required for microtubule anchoring at the centrosome 
(Delgehyr et al., 2005; Guo et al., 2006). Loss of Lisl in the 
epidermis results in loss of cortical microtubules, a phenotype 
that mirrors loss of the desmosomal protein desmoplakin 
(Lechler and Fuchs, 2007; Sumigray et al., 201 1). Due to pleio- 
tropic effects resulting from genetic ablation of these genes, it 
has not been possible to assign specific functions to cortical micro- 
tubules in the epidermis. 

The major functions of the epidermis are to serve as a bar- 
rier against mechanical and chemical assaults and to prevent 
dehydration. This requires the presence of robust cell adhesions 
(desmosomes, adherens junctions, and tight junctions) in the 
terminally differentiating cells — the same cells with robust cor- 
tical microtubules. Here, we demonstrate that noncentrosomal 
microtubules increase both the mechanical strength and the im- 
permeability of epithelial sheets. These effects are mediated by 
myosin II-induced tension, which stabilizes adherens junctions 
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and increases tight junction activity. Therefore, cortical micro- 
tubules coordinate cytoskeletal and cell adhesion structures to 
generate a robust barrier in the differentiated layers of the skin. 

Results 

Microtubule stabilization promotes their 
cortical accumulation 

To study the function of cortical microtubules, we attempted 
to develop an assay in cultured keratinocytes. However, the 
cortical localization of the centrosomal proteins ninein and 
Lisl was not sufficient for cortical microtubules to robustly 
form in cultured cells. When calcium was added to keratino- 
cytes to induce desmosome formation, these proteins were re- 
cruited to cell junctions within hours (Fig. 1 A and unpublished 
data). Despite this, microtubules did not become strongly re- 
organized to the cell cortex (Fig. 1 B), though low levels of cor- 
tical microtubules were seen in some cells. Similarly, in the 
first layer of cells committing to differentiation in the epider- 
mis, ninein and Lisl were cortically localized, but microtubules 
were largely cytoplasmic (Lechler and Fuchs, 2007; Sumigray 
etal., 2011). 

A number of genomic studies have reported increased ex- 
pression of microtubule-associated proteins in the differentiated 
and/or granular layers of the mouse or human epidermis. These 
include MAP2, MAP4, MAP7, and Tau (Fabre-Jonca et al., 1999; 
Patel et al, 2006; Raymond et al., 2008; Mattiuzzo et al, 201 1). 
We have verified the increased expression of Tau in differentiat- 
ing epidermis by both immunofluorescence and biochemical 
analyses (Fig. 1, C and D). In E17.5 mouse skin, Tau was clearly 
up-regulated in the differentiated cells of the granular layers of 
the epidermis. Little staining was seen in basal/spinous cells 
(Fig. 1 C). When isolated epidermis was separated into basal 
(proliferative) and suprabasal (differentiated) fractions, Tau levels 
were significantly higher in the differentiated cell compartment 
(Fig. 1 D). In cultured cells, Tau levels were undetectable and did 
not significantly increase within the first 48 h of calcium shift 
(not depicted). We similarly saw increased MAP4 levels in the 
upper differentiated region of the epidermis (Fig. SI A). 

To determine whether the expression of Tau and/or other 
MAPs could promote the accumulation of cortical microtubules 
in cultured cells, we exogenously expressed MAP2b, MAP4, or 
Tau in cultured keratinocytes. 24 h after the addition of calcium 
(to induce desmosome formation), we analyzed microtubule or- 
ganization in the cells. Each of these MAPs was sufficient to in- 
duce the reorganization of microtubules to the cell cortex (Fig. 1, 
E-G). In vivo, the desmosomal protein desmoplakin is required 
for cortical microtubules to form (Lechler and Fuchs, 2007). This 
is also true in culture as none of the MAPs were able to promote 
cortical microtubule reorganization in desmoplakin-null cells, 
though they were able to bundle microtubules (Fig. 1, H-J). 

Most MAPs can promote microtubule stabilization 
(Dehmelt and Halpain, 2005). To determine whether stabiliza- 
tion was sufficient to induce reorganization, we treated kerati- 
nocytes with taxol, a small molecule that stabilizes microtubules 
(Orr et al., 2003). In taxol, robust cortical microtubules formed 
in keratinocytes (Fig. 1, compare K with L). This occurred at 



doses as low as 500 nM (not depicted), a concentration at which 
taxol stabilizes microtubules but does not substantially lead to 
their bundling (Derry et al., 1995; Orr et al., 2003). Cortical micro- 
tubules did not form at the free "leading edge" of colonies of 
cells grown in high calcium or in cells grown in low calcium- 
containing media, where cell adhesion structures do not form 
(Fig. 1 M; Fig. SI B). These data demonstrate that both cell 
contact and adhesion are required for the local recruitment of 
cortical microtubules. Taxol-induced reorganization of micro- 
tubules also required the desmosomal protein desmoplakin, but not 
the adherens junction components a-catenin or pl20-catenin 
(Fig. 1, N-P). These requirements are identical to those found 
for cortical microtubules in intact epidermis (Lechler and Fuchs, 
2007). Cell surface E-cadherin levels are very low in pi 20- 
catenin-null cells (Perez-Moreno et al., 2006), demonstrating 
that robust adherens junctions are not required for cortical 
microtubule reorganization. Therefore, although not absolute, 
microtubule stabilization induces a shift from cytoplasmic 
arrays to cortical arrays — allowing a more robust reorganization 
than occurs in untreated keratinocytes. 

The strong recruitment of microtubules to cell junctions in 
taxol-treated cells allowed us to visualize them ultrastructur- 
ally. By electron microscopy we saw clear enrichment of micro- 
tubules near the cell cortex in taxol-treated cells (Fig. 1 Q; Fig. SI, 
E and F). Microtubules came within 50 nm of the desmosomes 
and were highly enriched in the area 50-200 nm away. They 
were aligned roughly parallel to the plasma membrane. We did 
not note any specific contact points mediating direct association 
between the desmosome and the microtubules. In control cells, 
cortical microtubules were not easily identifiable by ultrastruc- 
tural analysis (Fig. SI G). 

Cortical microtubules increase epithelial 
sheet integrity 

The establishment of a cell culture model that robustly recapitu- 
lates the microtubule reorganization seen in vivo allowed us to 
study the functional consequences of this reorganization. A pri- 
mary role of the epidermis is to act as a mechanical and chemical 
barrier against the environment. To determine whether cortical 
microtubules are important for the mechanical properties of 
keratinocytes, we tested the integrity of isolated epidermal sheets. 
Confluent, adherent sheets of cells were released from the under- 
lying substrate by treatment with dispase. The sheets were then 
subjected to mechanical stress, resulting in fragmentation. Quan- 
titation of the number of fragments was used to determine the 
mechanical and cell-adhesive properties of the sheets. Upon taxol 
treatment, epidermal sheets became significantly more resistant 
to mechanical disruption, whereas disruption of microtubules 
with nocodazole treatment had little effect (Fig. 2, A and B; 
Fig. SI, H and I). These data demonstrate that cortical micro- 
tubules promote the integrity of epidermal sheets, whereas the cyto- 
plasmic arrays make little contribution to mechanical strength. 

Cortical microtubules cause tension- 
induced stabilization of adherens junctions 

Tissue integrity is mediated by cell-cell adhesions and their 
connection to the underlying cytoskeleton. Adherens junctions 
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Figure 1 . Stabilization of microtubules pro- 
motes their cortical reorganization. (A) Mouse 
keratinocytes grown in 1 .2 mM Ca 2+ -contain- 
ing media for 24 h have Lisl at cell junctions. 
Microtubules, however, remain cytoplasmic (B). 
(C) Immunofluorescence analysis of Tau (red) 
in E17.5 mouse embryo epidermis. Hoechst 
labels DNA (blue) and the dotted line marks the 
basement membrane. (D) Tau levels in lysates 
prepared from basal and suprabasal (differen- 
tiated) cells of the epidermis. (E-G) Organiza- 
tion of microtubules in wild-type keratinocytes 
that were transfected with GFP-tagged Map2b 
(E), Map4 (F), or Tau-24 (G). Transfected cells 
were identified by GFP fluorescence and are 
marked with an asterisk. (H-J) Organization 
of microtubules in DP-null cells that were trans- 
fected with Map2b (H), Map4 (I), or Tau-24 (J). 
Microtubule organization in WT control cells 
(K) and in cells treated with 10 uM taxol for 
1 h (L). (M) Microtubule organization in a 
small colony of WT keratinocytes. Note that 
microtubules accumulate at cell-cell junctions, 
but not free leading edges (arrows). Micro- 
tubule organization in a-catenin-null (N), 
pl20-catenin-null (O), and DP-null cells (P). 
(Q) Transmission electron micrograph of a 
taxol-treated keratinocyte. Some of the micro- 
tubules are highlighted in red adjacent to 
the electron-dense desmosomes. All bars are 
1 0 urn except Q, which is 0.5 urn. 
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are essential adhesion structures in the skin that interact with 
the actomyosin cytoskeleton (Tunggal et al., 2005; Tinkle et al., 
2008; Cavey andLecuit, 2009; Smutny et al., 2010). Immuno- 
fluorescence analysis of p-catenin, a core component of 
the adherens junction, revealed increased cortical intensity 
after taxol treatment (Fig. 3 A). Quantitation of the cortical/ 
cytoplasmic ratio of fluorescence intensity confirmed a sig- 
nificant increase in the cortical pool of p-catenin (Fig. 3 B). 



We did not detect significant increases in either E-cadherin 
or a-catenin at cell junctions by immunofluorescence analy- 
sis (Fig. S2, A and B). In addition, both total and surface 
pools of E-cadherin, as measured by biotinylation, were un- 
changed by taxol treatment (Fig. 3 C). This is also true of the 
total levels of adherens junction components such as a- and 
P-catenin. However, when p-catenin was immunoprecipitated 
from taxol-treated cells, an increase in E-cadherin association 
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Figure 2. Cortical microtubules increase epidermal sheet integrity. (A) Epidermal sheet fragments resulting from mechanical disruption of untreated or 
taxol-treated keratinocytes. Bar, 1 cm. (B) Quantitation of sheet fragments resulting from mechanical disruption of keratinocyte monolayers. P = 0.0017 
for control vs. taxol treatment; n = 5 for control, 7 for taxol treatment. (C) Quantitation of epidermal sheet stability in cells treated with normal rat serum 
(NRS) in the presence or absence of taxol and treated with the E-cadherin inhibitory antibodies, DECMA, in the presence or absence of taxol. P = 0.02. 
(D) Quantitation of epidermal sheet stability of a-catenin-null cells with and without taxol treatment. (E) Quantitation of epidermal sheet stability after treat- 
ment with the myosin II inhibitor (blebbistatin) with or without taxol (compare to control in B). (F) Epidermal sheet integrity in myosin HA floxed cells, with 
or without Cre recombinase and taxol, as indicated. P < 0.0001 . Error bars are SEM. 



was noted as compared with control cells, again supporting a 
change in adherens junctions upon microtubule reorganization 
(Fig. 3 D). The changes in both p-catenin localization and 
E-cadherin association required a-catenin (Fig. S2, D and E). 
In addition, we noted increased association of the actin-binding 
protein vinculin with p-catenin complexes (Fig. 3 D). There 
was not a significant increase in cortical localization of vinculin 
(Fig. S2 C). This demonstrates a change in engagement of vin- 
culin with the junction, rather than its recruitment. 

In the granular cells of the epidermis, most microtubules 
are cortical (as they are after taxol treatment of cultured cells). 



In extracts from intact epidermis, we detected association of 
vinculin with p-catenin (Fig. 3 E). When epidermis was pre- 
treated with nocodazole to disrupt microtubules, this associa- 
tion was decreased. Therefore, in cultured cells, a shift toward 
cortical microtubules resulted in increased vinculin association 
with the adherens junction and, in intact epidermis, loss of micro- 
tubules resulted in a decrease in the association of vinculin with 
the adherens junction. 

We next tested whether the dynamics and stability of adher- 
ens junctions were also altered in the presence of cortical micro- 
tubules. We performed fluorescence recovery after photobleaching 
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Figure 3. Cortical microtubules induce engagement of adherens junctions. (A) Immunofluorescence analysis of p-catenin localization in control and taxol- 
treated cells, as indicated. (B) Quantitation of the cortical/cytoplasmic intensity measurements of p-catenin in control and taxol-treated cells. P = 0.014, n = 
200 cells. (C) Western blots of adherens junction components in control and taxol-treated cell extracts, as indicated. The bottom panel represents exposed 
E-cadherin as identified by cell surface biotinylation. (D) Analysis of p-catenin immunoprecipitates from control and taxol-treated cultured cells. Proteins 
were subjected to Western blot analysis with E-cadherin, p-catenin, a-catenin, and vinculin antibodies. (E) Analysis of p-catenin immunoprecipitates from 
control and nocodazole-treated epidermal tissue extracts. Proteins were subjected to Western blot analysis with p-catenin and vinculin antibodies. (F) FRAP 
analysis of a-catenin-GFP in control and taxol-treated cells. Shown is a kymograph over 1 min. The red arrow indicates the time of photobleaching. Bar, 2 pm. 
(G-J] Quantitation of the mobile fraction of indicated adherens junction proteins in control and taxol-treated cells. All are in wild-type cells, except H, 
which is in desmoplakin-null cells. Boxes are 25-75% marks, whiskers are 5-95% marks. For G, P = 0.004; n = 8 for control and 1 1 for taxol treatment. 
(K) Immunofluorescence analysis of wild-type cells with the al 8 antibody, which recognizes a tension-dependent conformation of a-catenin. Control cells, 
taxol-treated cells, and taxol plus blebbistatin-treated cells are shown, as indicated. (L) Immunofluorescence analysis of al8 in control and myosin IIA-null 
cells in the presence and absence of taxol, as indicated. Bars: (A, K, and L) 10 pm. 
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(FRAP) on control and taxol-treated cells expressing a-catenin- 
GFP. Although a-catenin turnover occurred quickly in control 
cells, this was reduced in taxol-treated cells (Fig. 3 F). Quantita- 
tion of the mobile fraction revealed a significant decrease after 
taxol treatment (Fig. 3 G). This change in a-catenin turnover is 
dependent upon desmoplakin, as no increase in a-catenin sta- 
bility was found in desmoplakin-null cells, though these cells 
have a slightly increased mobile fraction under normal condi- 
tions (Fig. 3 H). Therefore, stabilization of microtubules, in the 
absence of their cortical localization, does not impact a-catenin 
dynamics. (5-Catenin also trended toward increased stability; 
however, this did not reach statistical significance (Fig. 3 I). 
Finally, E-cadherin mobile fractions were unchanged (Fig. 3 J). 
Therefore, both the composition and dynamics of adherens 
junctions are altered in the presence of cortical microtubules. 

The lack of change in surface E-cadherin and the selective 
stabilization of a-catenin could be explained by increased en- 
gagement of a-catenin to the underlying cytoskeleton, which 
would strengthen adherens junctions. Recent work has demon- 
strated that adherens junctions function as mechanosensors and 
responders (le Due et al., 2010; Liu et al., 2010; Yonemura et al., 
2010; Taguchi et al., 201 1). This has been proposed to involve 
conformational changes in a-catenin, allowing increased inter- 
action with vinculin and/or other actin-binding proteins (Yonemura 
et al., 2010). The changes we observed in p-catenin immuno- 
precipitates (especially the association with vinculin) and in 
a-catenin dynamics were consistent with engaged adherens 
junctions. A monoclonal antibody to a-catenin, a 18, recognizes 
a conformation of the protein that is induced by tension (Yonemura 
et al., 2010). In wild-type keratinocytes, there was sparse label- 
ing of cell contacts with the al8 antibody (Fig. 3 K). Upon 
taxol treatment, staining of al8 at junctions became robust, 
suggesting a conformational change of a-catenin or an altera- 
tion in its association with other proteins. Because the al8 epit- 
ope is thought to be tension sensitive, we tested whether 
blebbistatin, an inhibitor of nonmuscle myosin II, prevented its 
appearance (Straight et al., 2003). When cells were treated with 
both taxol and blebbistatin, no increase in al8 was detected 
(Fig. 3 K). To test myosin II function genetically, we cultured 
myosin IIA fl/fl keratinocytes in which Cre-recombination leads 
to loss of myosin IIA. Although control cells (both myosin IIA 
fl/fl that were not treated with adeno-Cre and wild-type cells 
treated with adeno-Cre) exhibited an increase in al8 staining 
upon taxol treatment, cells depleted of myosin IIA did not 
(Fig. 3 L and unpublished data). Therefore, we conclude that 
myosin II activity is required for cortical microtubules to exert 
their effect on adherens junctions. Despite this, we did not de- 
tect any kinetic delays in the cortical localization of E-cadherin 
or a-catenin after calcium switch in myosin IIA-null cells 
(Fig. S3). This suggests that assembly and engagement of adhe- 
rens junctions are molecularly distinct. 

Cortical microtubules act through 
adherens junctions to increase epithelial 
sheet integrity 

Although cortical microtubules induced changes in adherens 
junctions, it was not clear whether those changes accounted for 



the differences in epithelial sheet integrity observed in Fig. 2 B. 
We therefore exposed control and taxol-treated keratinocytes to 
inhibitory E-cadherin antibodies (DECMA) to perturb adherens 
junctions. When treated with taxol, DECMA-treated cells did 
not show an increase in mechanical strength, whereas control 
cells did (Fig. 2 C). Under these conditions, E-cadherin inhibi- 
tory antibodies had negligible effects on cell sheet integrity. In 
addition, a-catenin-null cells showed no increase in mechani- 
cal integrity upon taxol treatment (Fig. 2 D). These experiments 
clearly show that cortical microtubules do not have a direct sta- 
bilizing role on their own, as taxol-treated a-catenin-null cells 
and E-cadherin inhibitory antibody-treated cells have robust 
cortical microtubules yet show no change in mechanical integrity 
(Fig. 1 N and unpublished data). In total, these data demonstrate 
that cortical microtubules promote tissue strength through 
engagement of adherens junctions. The lack of significant effect 
on sheet integrity after DECMA treatment or loss of a-catenin 
suggests that the majority of the mechanical integrity of kerati- 
nocytes is provided by desmosomes. Although adherens junc- 
tion perturbation does not significantly decrease integrity, their 
engagement can increase integrity. 

To test the functional significance of contractility on corti- 
cal microtubule-induced epithelial sheet strengthening, we 
treated epidermal sheets with a myosin II inhibitor. Blebbistatin 
treatment caused both increased fragility of wild-type cells and 
loss of the stabilizing effect of cortical microtubules (Fig. 2, 
compare E with B). The loss of response to taxol was not sec- 
ondary to defects in the microtubule cytoskeleton, as cortical 
microtubules were present after treatment (not depicted). Because 
blebbistatin caused cell sheet fragility on its own, we also exam- 
ined the integrity of myosin IIA-depleted cells. Although con- 
trol cells showed clear strengthening in response to taxol, the 
myosin IIA-depleted cells did not (Fig. 2 F). Wild-type cells 
treated with adeno-Cre responded normally, indicating that this 
was not a secondary effect of infection (not depicted). Thus, cor- 
tical microtubules act through a myosin II-dependent pathway 
to engage adherens junctions, increasing epidermal strength. 

Cortical microtubules promote tight 
junction function 

In intact epidermis, cortical microtubules are robust in granular 
layer cells where functional tight junctions also form (Lechler 
and Fuchs, 2007). Because adherens junction components are 
known to be essential for proper tight junction assembly 
(Gumbiner et al., 1988; Tunggal et al., 2005), we analyzed the 
effect of taxol treatment on tight junction function in cultured 
cells, as measured by transepithelial resistance (TER). TER was 
measured in both control cells and taxol-treated cells. As has 
been previously reported, TER increased within 24 h of calcium 
addition, and the reported measurements were taken at 48 h 
when TER had stabilized (Helfrich et al., 2007). In taxol-treated 
cells, TER values were double those in control cells (Fig. 4 A). 
Therefore, cortical microtubules promote an increase in tight 
junction barrier function. No changes in tight junction protein 
staining or ZOl dynamics were observed (Fig. S4, A and B). 
Importantly, this also demonstrates that cortical microtubules do 
not globally alter turnover rates of peripheral membrane proteins. 
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Figure 4. Tight junction barrier activity is increased by cortical microtubules. (A) Transepithelial resistance (TER) measurements were taken of wild-type 
cells, cells treated with taxol, cells treated with E-cadherin inhibitory DECMA antibodies (with and without taxol), and in blebbistatin-treated cells (with and 
without taxol). P = 0.0037 for control vs. taxol treatment; n = 9. (B) TER levels in myosin HA WT and null cells (with and without taxol). P = 0.007. (C and D) 
In vivo epidermal barrier assay. DMSO or nocodazole was injected subcutaneously with a biotin tracer. After 30 min the skin was removed, embedded, 
and sectioned for analysis. Streptavidin-FITC (green) allowed visualization of the diffusion of the biotin, and occludin (red) puncta mark the tight junctions 
in the granular layer of the epidermis. Bar, 1 0 pm (5 urn for insets). 



In support of this, there was not a significant change in fluores- 
cence recovery of actin-GFP at the cell junctions after taxol 
treatment (Fig. S4, C and D). 

Cortical microtubules could act directly on tight junc- 
tions or they could exert their effect through adherens junc- 
tions, which are necessary for tight junction formation. To 
distinguish between these possibilities, we determined whether 
contractility and adherens junctions were required for the cor- 
tical microtubule-induced increase in the tight junction barrier 
activity. Treatment of cells with anti-E-cadherin inhibitory 
antibodies decreased basal TER levels and prevented the in- 
crease in TER that is normally induced by cortical micro- 
tubules. Furthermore, we did not observe an increase in TER 
in taxol plus blebbistatin-treated cells (Fig. 4 A). In addition, 
loss of myosin IIA in keratinocytes prevented the increase in 
TER normally seen after taxol treatment while having only 
minor effects on basal TER. Cells untreated with adeno-Cre or 
wild-type cells treated with the virus showed normal increase 
in TER after taxol treatment (Fig. 4 B and unpublished data). 
These data demonstrate that myosin II is also required for the 
increase in the tight junction barrier. Although we cannot rule 
out direct effects of the cortical microtubules on tight junc- 
tions, our data are consistent with the engagement of adherens 
junctions regulating tight junction activity. 

If cortical microtubules normally act to enhance tight junc- 
tions, a decrease in tight junction activity would be expected upon 
loss of the microtubules in vivo. To test this, we subcutaneously 



injected nocodazole in newborn wild-type mice to disrupt micro- 
tubules, which are largely cortical in the granular cells. Loss of 
microtubules under these conditions was validated with EMTB- 
GFP-expressing mice, in which the microtubule cytoskeleton 
can be more easily visualized (unpublished data). However, ex- 
periments were performed in wild-type mice so that we could 
examine both tight junction localization and function concurrently. 
We injected biotin tracer, which normally diffuses through the 
epidermis up to the granular layer where occludin-containing 
tight junctions block its movement. In the presence of nocodazole, 
we saw increased diffusion of the biotin past occludin puncta, 
which was not seen in the control sample (Fig. 4 C). These data 
are consistent with the conclusion that cortical microtubules reg- 
ulate tight junction function in vivo. However, genetic models to 
specifically perturb cortical microtubules (rather than pharmaco- 
logic methods that disrupt all microtubules) will be required to 
verify this in intact tissue. 

Cortical microtubules recruit: myosin II to 
the cell cortex 

Consistent with our findings that myosin II is required for the 
engagement of adherens junctions, we noted an increase in cor- 
tical localization of myosin IIA and IIB after taxol treatment 
(Fig. 5, A and B; Fig. S5, A and B). Although not as efficient, 
expression of Tau-GFP was also able to induce the cortical lo- 
calization of myosin IIA (Fig. 5 D). This occurred in 22% of Tau- 
GFP-transfected cell doublets versus 6% of GFP-transfected 
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Figure 5. Myosin MA accumulates at cell junctions upon microtubule 
stabilization. (A and B) Myosin IIA (MHCIIA, green in all images) local- 
izes weakly at junctions and throughout the cytoplasm in control cells 
(A). In taxol-treated cells, myosin IIA junctional localization increases (B). 
(C and D] Myosin IIA accumulates at cell junctions of cells transfected with 
Tau-GFP (starred cells in D), but not in GFP-transfected cells (starred in C). 
(E and F] Myosin IIA does not accumulate at cell junctions after taxol 
treatment in desmoplakin-null cells. (G-J) Myosin IIA accumulation at cell 
junctions in response to taxol treatment is not affected by pharmacologic 
inhibition of myosin II or Rho kinase (blebbistatin or Y27632 treatment in 
H and J). Bars, 1 0 pm. 



cell doublets (n = 50 cells). This change in localization was not 
seen in desmoplakin-null cells, though increased levels of myo- 
sin IIA were detected (Fig. 5, E and F). The increase in myosin II 
at the cell cortex did not require myosin motor activity, as phar- 
macologic inhibition of myosin II or its upstream activator 
Rho-kinase did not perturb cortical localization (Fig. 5, G-J). 
Similar results were found for myosin IIB (Fig. S5, C-F). This 
demonstrates a noncanonical recruitment of myosin II to cell 
junctions. We did not note any significant changes in the total 
levels of myosin light chain phosphorylated on residues 19 or 
18/19, again suggesting these changes were not downstream of 
Rho/Rock or MLCK signaling (Fig. S5 G). Therefore, down- 
stream effects of myosin II required its activity (as demonstrated 
by pharmacologic inhibition), but junctional localization was 
independent of activity. 

Loss of myosin IIA/B in the epidermis leads 
to tight junction defects 

In intact epidermis, myosin IIA was present at highest levels 
in the proliferative basal cells, but could be detected at low 
levels throughout the epidermis (Fig. S5 H). Myosin IIB was 
present in basal cells and at cell junctions in granular layer 
cells (Fig. S5 I). Myosin IIC was present at low levels through- 
out the epithelium (unpublished data). Our studies with 
cultured keratinocytes demonstrated that myosin II acted down- 
stream of cortical microtubules to affect tight junctions. To ge- 
netically test this role in intact animals we ablated the genes 
for myosin IIA and IIB in the epidermis. Animals lacking 
myosin IIC in all tissues are viable and fertile and have no re- 
ported epidermal defects (Ma et al., 2010). Loss of myosin 
IIB in the epidermis did not result in a gross observable pheno- 
type. Myosin IIA conditional null (cKO) mice exhibited an 
open-eye phenotype at birth, but pups were healthy, though 
they did develop additional phenotypes and showed growth 
retardation ~1 wk later (to be described in detail elsewhere). 
In contrast, concurrent loss of both myosin IIA and B in the 
epidermis resulted in fully penetrant perinatal lethality. This 
phenotype is often the result of a barrier defect in the epider- 
mis, resulting in dehydration. We first tested the outside-in 
barrier using a dye diffusion assay. Embryos at E18.5 were 
bathed in a solution containing X-gal. Control littermate mice 
had an intact barrier and did not turn blue (Fig. 6 A). Littermate 
double-myosin IIA/B cKO embryos showed loss of barrier 
activity over small focal areas — the digits, the open eyes, 
and the ears (Fig. 6 A). However, the epidermal barrier was 
intact over the rest of the embryos. This suggested a normal 
differentiation program and formation of functional corni- 
fied envelopes. Indeed, we saw no perturbations in the ex- 
pression pattern of differentiation markers such as keratin 
1/10 and filaggrin/loricrin (Fig. 6, B-E; and unpublished 
data). Despite this, the skin expressed the stress marker keratin 6 
(Fig. 6, F and G). 

Although the outside-in barrier is largely formed by the 
cornified envelopes and specialized lipids, the inside-out barrier 
is formed by tight junctions. We tested the function of tight 
junctions using the biotin diffusion assay. Littermate control 
epidermis exhibited occludin-puncta that acted as diffusion 
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Figure 6. Loss of myosin IIA and B results in right junction defects in the epidermis. (A) Barrier assay in El 8.5 control littermate (left) and myosin IIA/B 
double cKO epidermis. Note the barrier defects on digits, eyes, and ears, and normal barrier function over the rest of the body. (B and C] Normal ex- 
pression of differentiation markers: K5/14 (green) and Kl (red) in control (B) and myosin II dKO epidermis (C). (D and E) Normal expression of granular 
layer marker loricrin (green) in control (D) and myosin II dKO epidermis (E). (34-integrin (red) marks the basement membrane in these images. (F and G) 
Abnormal expression of the stress marker keratin 6 (K6, red) in myosin II dKO epidermis (G). Asterisks mark nonspecific cornified envelope staining in 
F and G. (H and I) Biotin diffusion assay in control (H) and myosin II dKO (I) epidermis. Biotin is detected with streptavidin (green) and tight junctions are 
marked with occludin (red). (J and K) Adherens junction components E-cadherin (green) and a-catenin (red) in control (J) and myosin II dKO epidermis (K). 
(L) Extracts from Myosin IIA/B dKO epidermis or littermate controls were immunoprecipitated with anti-(3-catenin antibodies. Bound proteins were analyzed 
by Western blotting with vinculin and (3-catenin. Bars, 10 urn. 



barriers (Fig. 6 H). In contrast, myosin IIA/B-null epidermis 
had a profound defect in tight junction function even though 
occludin was still present in observable puncta (Fig. 6 1). There- 
fore, myosin IIA/B are not required for the localization of tight 
junction proteins, but are required for their proper function. 

Analysis of the adherens junction components a-catenin 
and E-cadherin revealed a largely normal localization in much 
of the backskin (Fig. 6, I and K), though focal areas with in- 
creased cytoplasmic pools were noted. To determine whether 
changes in adherens junctions that are not visible by immuno- 
fluorescence may underlie these tight junction defects, we immuno- 
precipitated p-catenin from myosin IIA/B dKO and littermate 
control epidermal extracts. Vinculin association with (3-catenin 
was decreased in the dKO as compared with the control, mirror- 
ing the effect of loss of microtubules in the epidermis (Fig. 6 L). 
These data are consistent with our in vitro findings that myosin 
lis are required for full adherens junction and tight junction 
activity in the epidermis. 



Discussion 

We propose that microtubule reorganization occurs in a two-step 
process in the epidermis. Upon differentiation, a subset of centro- 
somal proteins is selectively recruited to the desmosomes (Lechler 
and Fuchs, 2007; Sumigray et al., 2011). These centrosomal pro- 
teins work together with microtubule stabilizers to promote the 
formation of arrays of microtubules around the desmosomes. 
Although the molecular details of this stabilization remain to be 
elucidated, we note that MAP2, MAP4, and Tau are each suffi- 
cient to induce microtubule stabilization and cortical recruitment 
in keratinocytes, and all are up-regulated during terminal differ- 
entiation (Fabre-Ionca et al., 1999; Patel et al., 2006; Raymond 
et al., 2008; Mattiuzzo et al., 2011). It is therefore likely that a 
number of factors act cooperatively to induce microtubule stabi- 
lization in vivo. It is interesting to speculate that this stabilization 
may also be required to protect microtubules in the exposed skin 
from cold-induced depolymerization. 
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Our data demonstrate that cortical microtubules increase 
the mechanical strength of cell sheets by strengthening adher- 
ens junctions. A number of lines of evidence support this con- 
clusion. We were first led to these findings by the observation 
that the cortical localization of p-catenin increased in the pres- 
ence of cortical microtubules and that p-catenin was associ- 
ated with increased levels of E-cadherin. In addition, we saw 
increased association of p-catenin with the actin-binding pro- 
tein vinculin. Although the second result is consistent with 
previous reports on engaged adherens junctions, the changes 
in cortical P-catenin were unexpected. The molecular nature 
of this increased cortical association and whether it is a gen- 
eral result of tension on adherens junctions will require addi- 
tional study. Further supporting a change in adherens junction 
architecture in the presence of cortical microtubules was our 
finding that a tension-sensitive epitope on a-catenin became 
exposed and the dynamics of a-catenin were reduced — all 
consistent with a stabilization of junctions by increased asso- 
ciation with the underlying actin cytoskeleton. Finally, both 
genetic and pharmacologic perturbation of adherens junctions 
prevented cortical microtubules from increasing cell sheet in- 
tegrity (though these treatments had no effect on the formation 
of cortical microtubules). 

Previous work has indicated both positive and negative 
roles for microtubules in concentrating E-cadherin at cell-cell 
contacts. A study using cultured human keratinocytes demon- 
strated that microtubule disruption in low calcium conditions 
was sufficient to induce E-cadherin recruitment to the cell sur- 
face (Kee and Steinert, 2001). The mechanism underlying this is 
unclear and, as it appears to be a calcium-independent phenom- 
ena, the physiological relevance is unknown. In MCF-7 and Ptk2 
cells, disruption of microtubules prevented robust cortical 
E-cadherin accumulation after calcium addition (Stehbens et al., 
2006; Ligon and Holzbaur, 2007). This appears to be distinct 
from the effects reported here, as it required dynamic micro- 
tubules that extended radially into adherens junctions. These stud- 
ies were done on short time scales after calcium addition, and the 
effect on turnover rather than formation has not been reported. In 
keratinocytes, we find that nondynamic stabilized microtubules 
are required for the strengthening of adherens junctions, though 
they do not affect cortical levels of E-cadherin. In addition, in 
keratinocytes we find that microtubule disruption by nocodazole 
does not significantly alter cell sheet integrity after cells have es- 
tablished their junctions. Therefore, although there are important 
roles for radial microtubules in establishing junctions, this is 
mechanistically distinct from the role of cortical microtubules in 
strengthening adherens junctions through an alternate mecha- 
nism of myosin II-induced tension. 

Although adherens junctions are known mechanosensors 
and transducers, how these functions are used for normal physi- 
ology in an intact epithelium are not known. Our data demonstrate 
that differentiating epidermal cells undergo tension-induced 
adherens junction strengthening to increase the mechanical 
strength and barrier function of the tissue. This occurred in a 
myosin-dependent manner, consistent with the increased levels 
of myosin IIA at cell junctions and with contractility inducing 
more robust adherens junctions. Although microtubules have 



been proposed to both transport and organize myosin IIA in 
skeletal muscle (Pizon et al., 2005), the mechanism underlying 
microtubule-dependent recruitment of myosin II in epidermis is 
unknown. We do not see a strong colocalization between these 
two, so direct recruitment is unlikely. 

Loss of myosin IIA or pharmacological inhibition of myo- 
sin lis prevented the changes in adherens junctions and tight 
junctions normally induced by cortical microtubules. In intact 
epidermis, loss of both myosin IIA and IIB resulted in clear de- 
fects in tight junction activity. Although more work is required 
to test this possibility, we suggest that engaged adherens junc- 
tions in the granular cells are more similar to zonula adherens, 
whereas junctions in other cell layers are equivalent to lateral 
membrane adherens junctions in simple epithelia. 

In contrast to the reported roles of microtubules in adher- 
ens junction assembly and function, there is little evidence in 
the literature that microtubules control tight junctions. Here, we 
have shown that cortical microtubules increase tight junction 
activity in cultured keratinocytes as measured by transepithelial 
resistance. Consistent with this, disruption of microtubules in 
the intact epidermis resulted in increased permeability of tight 
junctions. Although it is possible that microtubules may also 
play a more direct role in tight junction activity, our data sug- 
gest that some of the defects are secondary to changes in adher- 
ens junctions. Thus, although it is clear that adherens junctions 
are required for tight junction formation, our data suggest that 
the tension status of the adherens junction also controls the ab- 
solute level of tight junction activity. 

The role of myosin II in adherens junctions and tight 
junctions has been explored in detail in cultured cells, but 
there is little in vivo data in mammals. Clear roles for both 
myosin IIA and IIB in adherens junction assembly in MCF-7 
cells has been reported (Smutny et al., 2010). Loss of these 
proteins resulted in defects in zonula adherens structure. In in- 
tact epidermis, we detected no defects in skin architecture in 
single myosin IIA or IIB mutants at birth. This is a clear dem- 
onstration that these myosin lis do not have essential indepen- 
dent functions. However, epidermal cells do not have zonula 
adherens, but rather have adherens junctions covering all cell- 
cell contacts. Loss of both myosin IIA and IIB resulted in 
perinatal lethality, but defects in the localization of adherens 
junction components were minimal. Importantly, despite the 
normal localization of adherens junction proteins, it is likely 
that adhesion is weakened, but this is difficult to detect be- 
cause of the presence of robust desmosomes. Consistent with 
this idea, we detected occasional cell-cell separations in the 
double myosin IIA/B-null epidermis, likely induced by the 
mechanical trauma of sectioning the tissue. 

Myosin IIA/B knockout epidermis exhibited severe de- 
fects in tight junction function. Much of the literature on this 
subject comes from cultured cells and points to a negative role 
for myosin lis in tight junction barrier activity. However, 
much of this is indirect, as either MLCK levels/activity or 
Rho/Rho-kinase levels/activity have been modulated (Walsh 
et al., 2001; Hopkins et al., 2003; Shen et al., 2006; Yu et al., 
2010). In a colonic epithelial cell line, knockdown of myosin IIA 
led to defects in tight junction activity, but these were associated 



5S2 JCB • VOLUME 1 SS • NUMBER 3 • 3D1 2 



with gross adherens junction defects and cell shape changes 
(Ivanov et al., 2007). These conflicting results may be due to 
cell type differences (desmosomes in epidermal cells may 
stabilize junctions against myosin II pulling forces), differ- 
ences between in vivo and in vitro conditions and/or experi- 
mental methods of increasing or decreasing myosin II activity. 
Additional work will be required to define the roles for dif- 
ferent type II myosins in simple epithelia in vivo. Our find- 
ings in the epidermis suggest that in vivo myosin II functions 
may be tuned to the tissue to meet its physiological needs. 

Materials and methods 

Cell culture 

All keratinocyte cell lines were grown at 37°C, 7.5% CO2 in E low Ca 2+ 
media. Once confluent, they were induced to differentiate by adding calcium 
to 1 .2 mM. In microtubule organization assays, taxol or DMSO was added 
24 h after induction of differentiation for 1 h at 10 pM. The E-cadherin- 
blocking antibody DECMA-1 (Abeam] was incubated with cells beginning 
1 h before taxol addition, at 3 ug/ml of media. Blebbistatin (Sigma-Aldrich) 
was used at 1 0 uM. 

Immunofluorescence staining 

Cells were fixed in — 20°C methanol for 2 min. For tissue, 8-um sections 
were fixed in 4% paraformaldehyde for 8 min. Antibodies used were rabbit 
anti-Tau (Sigma-Aldrich), rabbit anti-occludin (Abeam), mouse anti— p-tubulin 
(Sigma-Aldrich), mouse anti-(3-catenin (Sigma-Aldrich), ratanti-al8 (a-catenin; 
a gift from A. Nagafuchi, Kumamoto University, Kumamoto, Japan), rat 
anti-E-cadherin (a gift from C. Jamora, University of California, San Diego, 
La Jolla, CA), rabbit anti-a-catenin (Sigma-Aldrich), and rabbit anti-vinculin 
(Sigma-Aldrich). Secondary antibodies were Alexa 488 (Invitrogen) and 
Rhodamine Red X (Jackson ImmunoResearch Laboratories) conjugated. 
After staining, samples were mounted in a solution of 90% glycerol in PBS 
with 2.5 mg/ml p-Phenylenediamine (Sigma-Aldrich). Images were col- 
lected at room temperature using a microscope (Axiolmager Zl; Carl 
Zeiss) with Apotome attachment, 63x 1.4 NA Plan Apochromat objec- 
tive or 40x 1 .3 NA EC Plan NEOFLUAR objective, immersion 5 1 8F oil, 
AxioCam MRm camera, and Axiovision software (Carl Zeiss). Photoshop 
(Adobe) was used for post-acquisition processing of brightness and con- 
trast. Fluorescence intensity was measured using the Profile tool in the 
Axiovision software. 

FRAP analysis 

Mouse keratinocytes were grown on 35-mm glass-bottom culture dishes 
(MatTek Corporation). Cells were transfected with each GFP construct 
using TranslT-LTl transfecfion reagent (Mirus) and were induced to differ- 
entiate 24 h after transfecfion. 24 h after calcium was added to the media, 
the cells were imaged at 37°C on a microscope (LSM 710; Carl Zeiss) with 
a 63x oil immersion objective, NA 1 .4. FRAP experiments were performed 
using the Regions, Bleaching, and Time Series modules of Zen software 
(Carl Zeiss). Percent recovery was calculated by normalizing fluorescence 
intensity to background intensity, then normalizing intensity at each time point 
to initial intensity. Mobile fraction was determined as Mf = \ max — — l Q , 
where l max was the maximum fluorescence intensity reached after photo- 
bleaching and l„ was the initial fluorescence intensity immediately after pho- 
tobleaching (Shen etal., 2008). 

Transmission electron microscopy 

Processing cell monolayers for ultrastructure analysis was adapted 
from previous studies (Reipert et al., 2008). Keratinocytes were grown on 
Falcon Easy Grip 35-mm culture dishes (BD). Once confluent, calcium 
was added to the media to 1 .2 mM, and cells were fixed 24 h after cal- 
cium addition. After washing with PBS, 4% EM grade glutaraldehyde was 
added to the cells. They were rapidly fixed by microwave using a Pelco 
Biowave Pro microwave (Ted Pella, Inc.). The microwave frequency was 
2.45 GHz and the power used was 108.5 W. Pulsed fixation was used 
with a setting of 1 min on, 1 min off, 1 min on. After fixation, the cells were 
washed twice in 0.1 M sodium cacodylate buffer for 5 min each. Next, 1% 
osmium tetroxide was added to the cells for 1 5 min; the cells were washed 
three times with 0.1 1 M veronal acetate buffer for 3 min each. En bloc 
stain was added for 15 min, and the cells were washed twice in 0.1 1 M 



veronal acetate buffer for 3 min each. Cell monolayers were dehydrated in 
a series of 70%, 95%, and 1 00% ethanol, 5 min per step. Cell monolayers 
were incubated in 50% Spurr resin in 100% ethanol for 30 min, changed 
once and incubated for an additional 15 min. Finally, 100% Spurr resin 
was added to the cells and incubated for 30 min, the resin was changed 
and incubated for an additional 30 min. Molds were filled with Spurr resin 
and placed on top of the cell monolayer. Once polymerized, the molds 
were peeled from the resin, removing the cell monolayer with it. After 
sectioning, samples were imaged with a transmission electron micro- 
scope (model CM1 2; Philips) run at 80 kV with a camera (model XR60; 
Advanced Microscopy Techniques). 2Vu software (Advanced Microscopy 
Techniques) was used for image acquisition. 

Cell sheet integrity assays 

Mouse keratinocytes were grown in 6-well dishes to confluency, then cal- 
cium was added to 1 .2 mM. 24 h after calcium addition, cells were treated 
with drug for 1 h, then a 1 :1 mixture of dispose II (Roche) in PBS was added 
to the cells for 1 h at 37°C. When the cells lifted off of the dish in a confluent 
sheet, they were subjected to mechanical disruption by pipetting up and 
down a set number of times. The number of sheet fragments was counted. 

Transepithelial resistance 

Cells were grown to confluence in 12-well Transwell dishes, pore size 
0.4 urn (Corning), and induced to differentiate by addition of calcium to 
1 .2 mM. Transepithelial resistance measurements were taken using a Milli- 
Cell ERS-2 V-ohm-meter and probe (EMD Millipore). Readings were normal- 
ized to blank wells (wells with media but no cells) and area. 

Immunoprecipitations 

Keratinocyte lysates were prepared in 50 mM Hepes, pH 7.4, 100 mM 
NaCI, 1 mMMgCI 2 , 1% Triton X-100, and 1 mM DTTwith protease inhibi- 
tor cocktail. After brief sonication, lysates were centrifuged for 5 min at 
1 5,000 g. Soluble extracts were removed and added to protein G-Sepharose 
beads (EMD Millipore) prebound to rat anti-E-cadherin antibodies. 
After incubation for 1 h, beads were washed four times with lysis buffer and 
bound proteins were eluted in sample buffer and examined by Western blot 
analysis. For preparation of tissue lysates, full-thickness skin was immersed 
in dispose and either DMSO or 20 uM nocodazole for 2 h, epidermis was 
removed, minced with a razor blade, resuspended in the buffer above, soni- 
cated, and centrifuged for 5 min at 1 5,000 g. 

Biotin barrier assay 

The biotin barrier assay was performed as described previously (Furuse 
et al., 2002). In brief, 50 ul of a 1 0-mg/ ml solution of NHS-biotin (Sigma- 
Aldrich) was injected subcutaneously into the backskin of newborn mice in 
the presence or absence of 0.4 mM nocodazole. After 30 min, skin was re- 
moved and processed for cryosectioning and stained with occludin antibod- 
ies and Streptavidin-FITC (Invitrogen). 

Epidermal barrier function assay 

The biotin barrier assay was performed as described previously (Furuse 
et al., 2002). In brief, wild-type and experimental embryos at stage El 8.5 
were immersed in a solution consisting of 1 .3 mM MgCb, 1 00 mM NaP04, 
3 mM K 3 Fe(CN) 6 , 0.01 % sodium deoxycholate, 0.2% NP-40, and 1 mg/ml 
X-gal (Hardman et al., 1 998). After 6 h of treatment, embryos were washed 
with PBS and photographed. 

E-cadherin biotinylation 

Biotinylation was performed as described previously (Sumigray et al., 
201 1 ). In brief, a solution of sulfo-NHS-SS-biotin (Thermo Fisher Scientific) in 
PBS with 1 mM CaCb was added to control and taxol-treated cells. After 
1 h at 4°C, cells were washed three times with PBS containing 20 mM Tris. 
Extracts were prepared in RIPA buffer and biotinylated proteins were iso- 
lated on avidin-agarose (Sigma-Aldrich). After four washes with RIPA buffer, 
bound proteins were analyzed by Western blot. 

Online supplemental material 

Fig. SI shows Map4 localization in epidermis and microtubule organization 
by light and electron microscopy. In Fig. S2 we analyze the effect of taxol 
treatment on the localization of cell adhesion proteins. Fig. S3 reports the ki- 
netics of junction localization of adherens junction components after a cal- 
cium switch in wild-type and myosin IIA-null cells. Fig. S4 documents the 
localization and turnover of junctional components after taxol treatment. In 
Fig. S5 the cortical localization requirements of myosin IIB are examined, as 
well as myosin light chain phosphorylation status and the localization of 
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myosin HA and B in the epidermis. Online supplemental material is available 
at http://www.icb.org/cgi/content/full/icb.201206143/DCl . 
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